Background: Accumulating data indicates that pholcodine (PHO)-consuming countries have higher sero-prevalences of immunoglobulin E (IgE)-antibodies to PHO and suxamethonium (SUX) and increased frequencies of IgE-mediated anaphylaxis to neuromuscular blocking agents (NMBAs) than nonconsuming. Withdrawing PHO-containing cough syrups resulted in a significant decrease of cases with anaphylaxis in Scandinavia. Nevertheless, the European Medicines Agency in 2011 advised to continue the unrestricted use throughout the European Union. Objective: To extend studies on PHO consumption and prevalence of IgE-sensitization to morphine (MOR), PHO, and SUX to countries representing high (Australia), and low (Korea and Japan), consumers, respectively. Methods: IgE-antibodies to SUX, MOR, and PHO in atopic subjects were determined by immunoassay and compared with official figures for PHO consumption and reported anaphylaxis to NMBA. Results: The prevalences of IgE-antibodies to PHO, MOR, and SUX were 10%, 8.6%, and 4.3%, respectively, in Australia. The corresponding figures for Japan were 0.8%, 0.8%, and 1.5%, and for Korea 1.0% to PHO and 0.5% to MOR and SUX. Of the SUX-positive sera, 100% were positive to PHO or MOR in Australia and 0% in Japan and Korea. Conclusion: The study supports previous findings; exposure to PHO may induce IgE-antibodies to the substituted ammonium ion epitope of NMBAs, thus increasing risk of NMBA-induced anaphylaxis considerably. However, other, still unknown factors occasionally might induce IgE-antibodies to SUX.
INTRODUCTION
During the past decade, an increasing amount of data has accumulated indicating that pholcodine (PHO) consuming countries have higher serological prevalences of immunoglobulin E (IgE)-antibodies to PHO, and suxamethonium (SUX), than nonconsuming [1] . Major PHO consuming countries, like Australia, France, United Kingdom and, until recently, Norway, reported high frequencies of IgE-mediated anaphylactic reactions to neuromuscular blocking agents (NMBAs) used during general anesthesia. Since a large number of the reactions occur in patients not previously exposed to NMBAs, an NMBA-specific IgE-sensitization must have taken place before the adverse event. The PHO molecule, which shares the major allergenic epitope, the quaternary ammonium ion, quaternary ammonium ion (QAI), with NMBA [2] , has been shown to be very immunogenic, possibly sensitizing as many as 20-25% of individuals exposed [3] , in addition to having an enormous polyclonal boosting capacity, increasing IgE levels up to 100 folds in sensitized and re-exposed individuals [4, 5] . Thus, an NMBA-related presensitization may be induced by exposure to the widespread and unrestricted use of PHO-containing cough and cold medicines sold over the counter in around a third of the nations in the world [1] . The European Medicines Agency (EMA) in 2011, after a formal review of all available data, however, advised to continue the unrestricted use of PHO-containing cough medicines throughout the European Union [6] .
Among the Scandinavian countries, Denmark has never had PHO-containing drugs, while Sweden, Norway, and Finland withdrew all PHO-drugs from their markets in 1985, 2007, and 2010, respectively. Thus, IgE-sensitized individuals, as well as IgEmediated anaphylactic reactions to NMBAs, have become true rarities in Scandinavia [3] .
In Australia the problem with anaphylaxis related to NMBAs has been under observation for many years [7] . From official sources we have obtained information that cough syrups containing PHO are commonly used in the country, whereas Japan and Korea are nonconsuming countries (www.incb.org.).
The aim of this study was to further study the possible link between PHO consumption and IgE-sensitization to QAI.
MATERIALS AND METHODS

Samples
Serum was collected at the collaborating centres either as superfluous volumes from routine allergy laboratories (Japan and Korea), or were drawn from patients referred for allergological examinations at a referral allergy centre (Australia). After obtaining informed consent, de-identified sera were collected during the years of [2009] [2010] [2011] [2012] 
IgE analyses
Each serum sample was tested for IgE (kU/L), IgE-antibodies (kUA/L) to a mix of common inhalant allergens, Phadiatop, and for IgE-antibodies to PHO (c261), morphine (MOR) (c260), and SUX (c202) by ImmunoCAP Specific IgE (Thermo Fisher Scientific), according to the manufacturer's instruction using 0.35 kUA/L as the cutoff for a positive test.
Pholcodine consumption and exposure
Data on the national PHO consumptions summarized for the years 2008-2010 were taken from the United Nations International Narcotics Control Board database (www.incb.org).
RESULTS
Serum samples from 93 to 200 atopic individuals were tested for IgE-antibodies to PHO, MOR, and SUX. In Australia 10% were positive to PHO and 8.6% to MOR compared to 0.8% in Japan and 1.0 and 0.5%, respectively, in Korea (Table 1) . Also the prevalence of IgEsensitization to SUX was high in Australia, 4.3%, compared to 1.5% in Japan and 0.5% in Korea.
Of the 4 SUX-positive sera, in Australia all were positive to PHO but not the one in Korea. Interestingly, although the two SUX positive Japanese sera had notably high concentrations of IgE-antibodies, 2.1 and 3.7 kUA/L, respectively, they were negative to PHO (Table 2) IgE values were not available for the Korean samples and not for the Australian sample no. 85. Sample no. 95 was high but it is not known if it was higher than 10 000 kUA/L (Table 2) . However, all sera had a Phadiatop value below 120 kUA/L. PHO consumption in Australia was high (22.0 kg per million of inhabitants per year), whereas in Japan and Korea no PHOcontaining cough syrups were available. In the Australian study population 53 of 93 (57%) indicated that they were frequent consumers of such cough mixtures.
DISCUSSION
This sero-epidemiological study of atopic subjects from Australia, Japan, and Korea shows that there is a positive relationship between national PHO consumption and IgE-sensitization to PHO. Thus, the present data supports the findings of a previous multinational study [1] . The comparison with Japan and Korea furthermore supports the PHO hypothesis; it is the exposure to PHO that induces an extraordinary production of IgE-antibodies to PHO, and its mother molecule MOR.
PHO and MOR carry two, noncross reacting IgE-binding epitopes. One is the QAI shared with the NMBAs, and the other an unknown structure, not shared with NMBAs [2] . IgE-antibodies to PHO and MOR are directed specifically to one of these two epitopes, inferring that not all IgE-antibodies to PHO or MOR, probably only about between 1/3-1/10 (unpublished observation), will also bind to SUX, i.e., to NMBAs [2, 3] . Therefore, using PHO or MOR to screen for IgE-antibodies to NMBAs, at least in populations like those in this study, will result in a considerable fraction of non-NMBA related positives. This is also confirmed by the present study where 5 of the 9 PHO or MOR positive Australian sera were SUX negative (Table 2) . Disturbingly, however, an individual with IgE-antibodies to QAI seems to have a 200-300 times higher risk of experiencing anaphylaxis when exposed to SUX [3] . As a consequence reported anaphylactic reactions to NMBAs are more than 10 times as frequent in Australia (high consumption) as in Japan (no consumption).
In Australia, the problem with anaphylaxis to NMBAs and its link to IgE-sensitization to QAI common to available NMBAs was noticed many years ago [7, 8] . The present study supports this relationship. A serious challenge with such studies is, however, the spontaneous reporting of drug reactions that might vary considerably with time and between countries. Thus, published Values are presented as no. of samples (%) or mean (range). IgE-ab, immunoglobulin E-antibody. figures on prevalences of anaphylaxis must be evaluated carefully. However, despite this challenge it is becoming increasingly clear that anaphylaxis to NMBAs is more common in countries where PHO-containing cough syrups are available than in countries without these preparations. Exposed to similar worrying findings, the Norwegian manufacturer decided not to prolong the marketing license and the cough syrup (Tuxi, Weifa AS, Oslo, Norway) was withdrawn in March, 2007. Within 3 years, the prevalence of IgE-sensitization and annual number of reported NMBA-related cases of anaphylaxis dropped significantly [3] .
One problem with determination of IgE-antibodies to PHO, MOR, and SUX is that IgE-sensitized individuals taking a PHOcontaining cough syrup will get a remarkable polyclonal booster of the serum IgE concentration [4, 5] which might cause false positive tests. Two of the Australian samples have high serum IgE levels but it is not known if they are below 10,000 kU/L, but both samples are negative, i.e., < 0.35 kUA/L, to SUX, which excludes nonspecific binding to PHO and MOR. In addition their Phadiatop values were not extremely high.
Another problem is the identification of relevant allergenic epitopes on NMBAs when looking for IgE-sensitization. The definition of an allergenic structure on, within or incorporating, a small chemical compound like a drug is complicated. The epitope can be the drug as such but also an in vivo breakdown product or a structure based on the small hapten molecule and its carrier. The latter was found in anaphylaxis to Patent Blue V where the only allergen detected triggering the patient's basophils was Patent Blue V and the patient's plasma [9] .
Since there are so many chemicals in our environment carrying the QAI it is most likely that there must be sensitizers other than PHO. Thus, 4.6 folds higher prevalence of IgE-antibodies to QAI was recently reported among hairdressers than controls [10] . The finding that 2 sera from Japan had quite high concentrations of IgE-antibodies to the NMBA SUX, but no IgE-antibody to PHO or MOR, supports this hypothesis. However, the dramatic drop in the number of cases with anaphylaxis in Norway after withdrawal of the PHO-containing cough syrup, and the similar observation in Sweden [11] , strongly supports a dominant role of PHO. In addition, the prevalence of anaphylaxis in the highly PHO-consuming Australia is more than 10 times higher than in PHO-free Japan. However, IgE-binding to an allergenic epitope other than QAI and a sensitizing agent other than PHO cannot be excluded.
The proposed relationship between exposing a population to PHO-containing cough syrups, IgE-sensitization and anaphylaxis to NMBAs was discussed by the EMA, in September, 2011. They did not find the results from Scandinavia a sufficient indication of the cause-effect-relationship [6] . Very few IgE-related adverse events have indeed been reported for PHO-containing drugs, which in our view is to be expected since PHO and MOR, as discussed above, are allergenically monovalent [2] and thus cannot trigger mast cells or basophils to initiate an allergic reaction. EMA stated that "the benefits of PHO-containing medicines continue to outweigh their risks" [6] . The remarkable effect on IgE production in individuals IgE-sensitized to PHO taking minute amounts of PHO cough syrup, so far seen only in graft versus host disease and cytostatic treatment of lymphadenopathy [12] , is not mentioned. Neither were the well documented effects on IgE-sensitization and decline in anaphylaxis reports after withdrawal, from the Scandinavian markets, of PHO-containing drugs sufficiently recognized [3, 11] . The ethics of recommending "patients taking PHO-containing medicines can continue to do so" can be questioned especially since the antitussive effects of PHO in clinical studies at best seems to be marginal [13] and cough is rarely a serious disease. In Australia, the Therapeutic Goods Administration has recently taken the same position on the issue as the EMA despite the problem with NMBA-induced anaphylaxis reported in that country [14] .
In summary, the present results support the PHO hypothesis. The data from Japan in addition points to our previous suggestion that other environmental chemicals than PHO or, probably rarely, repeated exposure to the NMBA [15] may give rise to IgEantibodies to an NMBA [1] . However, at present these chemical factors remain unknown, seemingly operative to a much lesser degree than PHO and showing a clearly different pattern of sensitization.
